Abstract: The modeling of effective product development process can help manage the overall process efficiently and help organize a multifunctional team to develop products in a concurrent and cooperative manner. In this article, a product development process is viewed as a dynamic system with feedback based on the feedback control theory, and a dynamic system model and its design structure matrix are developed. The model and its design structure matrix can be further divided to capture the interaction and feedback of design information. A fuzzy evaluation method is presented for the evaluation of the performance of a dynamic development process; this allows a development process to be optimized based on re-organizing design constraints, re-organizing design processes, and re-organizing designer's preferences. An example is provided to illustrate the proposed model.
Introduction
Product development is not only a process of resource allocation, but also a screwy evolution process subject to development constraints. In such a process, the design information is transformed and accumulated. Therefore, the modeling of a product development process is the key factor in determining the success of both individual product development strategies and the overall longterm industrial competitiveness [1] . Effective modeling of the product development can be used to optimize a development process and the accumulation of the design information. Effective modeling can also improve the degree of concurrency, optimize the design structure, improve the product quality, and cut the development cost and time. However, in practice, a development process has dynamic uncertainty, time overlapping, and constraint coupling, which coupled with the imperfection and fuzziness of the design information [2] lead to fluctuations in the resource allocation and the accumulation of information that hampers the process.
Moreover, the product development itself is a complex, dynamic, and uncertain system with feedback. The product development rather resembles a network (process net), where processes are highly interconnected, including feedback loops and interactions at various hierarchical levels [3] . As a feedback control system and a product development process share the common feature of information feedback, a method based on the feedback control can be very effective for modeling a product development process. In each development stage, a change in the external environment may have some influence on the whole development process. However, such influence may not bring negative impact on the product development. The influence from the external environment can prompt a system to make a fast response to an external change such that possible disturbance is minimized. The effect of the external influence can in turn either make the balance point of a development process transferring from its initial point to a new point or be optimized at the initial point. The new balance point may be better than the old one and therefore makes a product more marketable and competitive.
Traditional development process models [4, 5] statically describe a process, resources, targets, and the scope with estimates of activity durations and the precedence relationships describing the network flow of activities. These methods are limited by the use of an indirect project measure and by bundling the characteristics and relationships among scope, resources, and processes in each activity into a single duration estimate. They also tend to ignore iterations or require that iterations are implicitly incorporated into duration estimates and precedence relationships [6] . For example, if a defective product definition is released to designers who discover the defect after the design has begun, information of the defect must be fed back from the design phase to the product definition phase. The product definition must be revisited, thereby, increasing both time and cost of the development.
Iteration is a fundamental characteristic of a development process [7] . Steward [4] developed the design structure matrix to model the information flow of design tasks and to identify their iterative loops. Eppinger et al. [7] extended Steward's work by explicitly modeling the information coupling among tasks and by investigating various strategies for managing the entire development procedure. Several analytical models have been developed to represent an iterative design process. These include sequential iteration models [8] , parallel iteration models [9] , and overlapping models [10] . However, each model also has its own limitations. Owing to the limitation of the analytical approaches, the sequential iteration models cannot handle resource constraints or general project networks with parallel and overlapping tasks (or paths). The parallel iteration models analyze important aspects of concurrent engineering but use highly simplified assumptions. The two-task overlapping models provide an optimal way to reduce the time of two sequential tasks with the interface of unidirectional information transfer. However, the concept cannot be easily applied to multiple tasks, especially for tasks involving multiple paths with iteration. In addition, no significant work has been found on resolving issues of resource over-allocation in the overlapped and coupled project networks where tasks repeat according to a probabilistic rule [11] .
A more suitable description of development dynamics must include iterative flows of work, distinct development activities, and available work constraints. Cooper [12] followed by others [6] modeled two development activities by distinguishing between the initial completion and the rework. Ford et al. [6] expanded this approach to model three development activities (the initial completion, the required rework, and the optional rework to improve quality). System dynamics models of iterative flows have been evolved from single flows of accurate work, which is slowed by implicit iteration through separating streams of correct and flawed tasks, to more realistic closed-loop flows [6] .
Some of the other new theories and methods have been developed recently to emphasize the dynamic nature of a product development process, such as the dynamic feature of concurrent engineering [13] , manufacturing informatics [14] , information theory of engineering [14] , intelligent real design [15] , integrated concurrent schedule, microcosmic development process modeling, micro-design-cycle, a Petri-net based collaborative engineering process model [16] , and a DSM-based dynamic process simulation model [11] . A design structure matrix [8] has been used to map development phases as well as study both time/quality tradeoff decisions and the variability in cycle times. The dynamic consequences of the iteration among development phases on cycle time have been addressed directly with the design structure matrix [7] . Although the research on design structure matrix demonstrates the results of the iteration between phases, the underlying processes that drive the cycle time have not been described or modeled [6] .
This study aims to analyze the dynamic characteristics of a product development process, to model a product development process as a dynamic system with feedback, and to develop a suitable method for evaluating the performance of a product development process. Key issues related to a product development process are also discussed. Section 2 gives important definitions related to a product development process. Section 3 presents a dynamic model with feedback and a design structure matrix for a product development process. Section 4 provides a fuzzy evaluation method for a development process. An illustrative case is given in Section 5. Results are discussed in Section 6. Finally, conclusions are provided in Section 7.
Definitions Related to Product
Development Process Definition 2.1: Process A process is a basic unit of activities that are carried out during a product's life cycle. It is also a set of activities whose physical meanings vary continuously over time. A process is denoted by a set P and defined as
where V is a set of process parameters, U is a set of process units, È is the process control flow of this process, Á is the process data flow of this process, C is a constraint set that can control the flow of this process, A is a set of activities of this process, U s is a set of initial process units, U s U, U s 6 ¼ È, and U t is a set of final process units, U s U, U t 6 ¼ È.
Definition 2.2: Constraint evaluation point
A constraint evaluation point is a constrain set that can satisfy the proceeding of one process. Constraint variable, constraint function, and constraint value are the three basic elements of a constraint evaluation point.
In general, a constraint evaluation point is denoted by a set and defined as
where V is a set of constraint variables. Based on the function of variables in a constraint evaluation point, V can be classified into three different types as follows. Decision variable V : V is the variable that each design perspective can be allowed to make independent decisions on this variable.
Intermediate variable V : V is the variable that is determined by processing decision variables.
Performance variable V : V is the variable that is dependent on decision variables and is used to measure the performance of a system.
F is a set of constraint functions. F can be classified into two types, i.e., the qualitative constraint function and the quantitative constraint function. C is a set of conditions, and is a sub-set of F, i.e., C F. C can decide one process flow. I is a set of interface constraints, which can be used to embody the relations among constraint evaluation points. V z is a set of constraint values. V z consists of two elements, i.e., V z ¼ TRUE, FALSE h i . TRUE denotes a status that constraints are satisfied. FLASE denotes that constraints are not satisfied. P is a constraint pointer, and P can be used to orient the constraints. Definition 2.3: Process data flow [17] Process data flow defines the data relation between two processes. Let C be a set of process behaviors, V be a set of process parameters, v 2 V. DOM(v) denotes the type of v. Let i(C) be a set of input parameter, o(C) be a set of output parameter, such that C is a mapping, i.e., Let P be a set of process preconditions, and it can be viewed as a mapping
Therefore, process data flow is a mapping, and can be denoted by
Definition 2.4: Process control flow
Process control flow defines the control relationship between two processes. Let C be a set of process behaviors and P be a set of process preconditions (i.e., the conditions that satisfy the constraint evaluation points and the proceeding of process). The set of process control flow can be denoted by [17] È C Â C Â P: ð6Þ
Let projective mapping be
such that 1 () is the leader behavior of the process control flow . 2 () is the following behavior of . 3 () is the transform condition of the process control flow , 2 È. Process control flow can be decided by its leader behavior and the following behavior only, i.e.,
Therefore, the set of transform conditions of entering and leaving the process behavior c can be denoted respectively by
A Dynamic Model of the Product Development Process with Feedback
A product development process and a traditional feedback control system share one fundamental feature: information feedback. Therefore the traditional feedback control theory can be applied to model effectively a dynamic product development process. By doing so, a development team can utilize and exchange the design information effectively.
Dynamic Characteristics of the Product Development Process
Because of the limitation of people's cognition and because of the complexity of design itself, there are many uncertain factors included in each development stage. These uncertain factors bring disturbance to a development system, making the system unstable, or even stop or suspend the development process. The direct consequence of the instability of a development process is that it can affect the product quality, prolong Product Development Process as a Dynamic System the development time, as well as increase the development cost. From the viewpoint of the control theory, one can see that because of the information interaction and the feedback, a dynamic system can maintain its equilibrium. Therefore, in order to reduce the instability, the product development can be viewed as a dynamic system with feedback.
Based on the satisfaction of the constraint evaluation point defined in Section 2, a process has three different states as follows:
(i) Proceeding state. The process control flow, the process data flow, and the constraint evaluation point defined in Section 2 are satisfied at the same time. A development process can be executed. (ii) Stop state. At least one of the constraint evaluation points, the process control flow, the process data flow is not satisfied. A development process is stopped or suspended. (iii) Feedback state. After a process is evaluated, the evaluation information is fed back to all upstream development stages to make some adjustments.
The Structure Matrix of the Dynamic Process Model
One of the most important families of models is that based on the design structure matrix (DSM). The DSM method assumes that each design task can be modeled as an information processing task that utilizes and creates information. The output information from one task becomes the input to another task. The input-output relationships may include cycles, which indicate the need for iterations. Tasks in the matrix may be re-sequenced [18] . In this study, a new DSM is defined and used to describe a dynamic development process with feedback.
The dynamic model of a product development process can be expressed by a structure matrix as follows: The proceeding mode of process, the number of feedback loops, the feedback stage, and the feedback location have a direct influence on the product development.
The design structure matrix can be divided into two parts according to the diagonal. The upper-right part describes the interdependence relations among processes, i.e., the correlative information among different processes. The information can be the number of parameters of process output or the communication quantity among processes. The lower-left part describes the feedback relations among processes. The feedback information can be the number of feedback loops or the number of feedback parameters.
The design structure matrix can be further divided. As shown in Figure 1 , the feed-forward matrix M v is formed by the extension of the matrix M i and the feedback matrix M b is formed by the extension of matrix M k , respectively. M i and M k are composed of process i 1 , i 2 and process k 1 , k 2 , respectively. Figure 1 . The division of structure matrix.
The matrix M v includes the input information such that the matrix M k depends on M i . The matrix M b includes the information that is fed back to matrix M i from M k . The elements of M v and M b can be used to determine the interdependence and the feedback relations among processes i 1 , i 2 , k 1 , and k 2 . The matrix M i is independent of M k if the elements of M v and M b are 0. Thus, processes related to these matrices can be carried out independently in time and logic.
For example, let A and B be two structure matrices of dynamic process models. The feed-forward matrix M v and the feedback matrix M b are formed by the extension of matrices M i and M k , which are composed of processes i À 1, i and i þ 1, i þ 2, respectively.
From the structures of matrices A and B, it is observed that the feedback loop number of the processes expressed by matrix B is less than that of the processes expressed by A. Let the elements of M b be the number of feedback loops. The number of the feedback loops in M A b becomes
The number of the feedback loops in M B b is
indicates that the output of processes i À 1 and i is the input of process i þ 1 in matrix A, that is to say, the ending of processes i À 1 and i is the necessary condition for carrying out the process i þ 1. The proceeding of the process i þ 2 has no direct relation with processes i À 1 and i, and can be carried out with i À 1 and i synchronously. indicates that there is no direct feedback relation among the four processes, which offers the necessary condition for the processes concurrent in logic.
In order to ensure the rationality of the product development in time and logic, the values of a should be adjusted by re-organizing constraints, feedback loops, and processes. After a design structure matrix is divided, the interdependence and feedback relationships among sub-processes can be optimized. Therefore, the resource moving, the information transforming, and the information accumulating can be completed successfully.
Process Evaluation
As the product development is a socio-technical system, the process evaluation should be carried out from many aspects. The basic aspects include technology, economy, and society. Owing to the subjective, fuzzy, and uncertain factors in a development process, the fuzzy evaluation can be applied to evaluate the process [19] .
Evaluations can be based on factors, such as the quality, the cost, and the development time. Let {u 1 , u 2 , . . . , u n } be a vector set of evaluation factors, associated with ranges of values representing the degree of membership of a corresponding factor's satisfaction degree. Let i (v i ) be the degree of membership, and v i be the corresponding value of u i . A vector of weights for evaluation factors specified by experts is expressed as {w 1 , w 2 , . . . , w n }.
The evaluation method can be carried out step-bystep as follows:
, then the feedback information is . the corresponding indices of the structure matrix. . the difference between the index and its lowest value. (ii) If v i 2 i (v i ), giving the threshold S m of the satisfaction degree, let i (v i ) be the degree of membership of an evaluation factor, such that
. If S ! S m , the process is satisfied. * * * * * 
Product Development Process as a Dynamic System . If S<S m , the process has to be optimized and the information feedback has to be carried out. The optimization problem is formulated as follows: 
The corresponding indices of structure matrix.
After the information is fed back to the initial design stage, a multifunctional design team can carry out three re-organization activities to optimize the development process, based on the practical development environment:
(i) Re-organize constraints. Because of the identity of the design resource, constraint relations exist among design parameters. Based on the feedback information, constraint relations can be adjusted or changed to optimize the process structure. (ii) Re-organize a process. The process structure can be modified by adjusting the time or the logic relation of a process. For example, a process that occurs only when both the sufficient and the necessary conditions are met can be modified such that it occurs under either the sufficient or the necessary condition. (iii) Re-organize the structure of designers' preference.
To a great extent, the designers' preference determines the relations among design processes. If a satisfactory design cannot be obtained under the initial preference structure and it is difficult to change the rigid constraints, designers' preference should be loosened to satisfy the requirements of design optimization by adjusting boundary values of ranges of the preference function.
Gear Transmission System Development
The development of a gear transmission system for the ZL50G loader is an example of the dynamic characteristics of the product development. As the working environment is an altiplano environment, there is a larger degree of complexity and uncertainty associated with the development compared to the old ZL50. In order to develop a product of high quality in a short time, dynamic characteristics of the development process should be analyzed to establish an effectual process model. At the same time, as the development of a new loader inherits features of ZL50, the interdependence and the feedback relationships are complicated.
There are seven sub-processes, listed as follows:
(i) Preparing product specifications.
(ii) Preliminary design. From the above analysis, it can be seen that:
(i) Through the dynamic analysis of the development process, uncertain factors and some rules to be followed are found. Therefore, activities in the development process can be organized and managed effectively. (ii) The development process can be optimized by the optimization of the interdependence and the feedback relationships among processes. As shown in Figure 5 , the number of feedback loops and the complexity of the development process are reduced. The number of feedback loops is (iii) From the analysis of the structure matrix, one can see that the feedback loops exist mainly in processes 2, 4, 5, and 6. It means that the feedback loops exist mainly in the detailed design stage. By substituting the big feedback cycle with microcycles, the efficiency of the development can be improved and the redundant feedback can be reduced. (iv) By improving and optimizing the relations among processes, the degree of concurrency can be improved. The development time can be reduced. Most processes can be carried out in parallel or partly in parallel, such as the processes included in sub-matrix [1] , [2 4 5 6] , [3] , and [7] in Figure 5 .
Cost, weight, and quality of transmission are selected as the evaluation factors. They are denoted by an evaluation vector U ¼ (u 1 , u 2 , u 3 ) ¼ (cost, weight, transmission quality). The weights of evaluation factors are set by experts and expressed in a vector W ¼ (w 1 , w 2 , w 3 ) ¼ (0.3, 0.3, 0.4) . For some processes, the value of a range and the degree of membership of the corresponding range's satisfaction degree may be specified in advance. The threshold on the satisfaction degree S m may also be given in advance as S m ¼ 0.90. The process evaluation can be carried out step by step according to the evaluation method proposed in Section 4. Based on the evaluation results, one can change or adjust the helical angle, material, tooth number, modulus, tooth length, and so on. Moreover, this information is fed back to the frontward processes to modify the design processes and design constraints. The final evaluation result is S ¼ 0.947.
The implementation of the dynamic analysis brings great benefits to the product development in this example. The development time is shortened by more than 30%, and the development cost is cut down by more than 40%.
Discussion
(i) Owing to the flexibility of design constraints, re-organizing constraints is easier than re-organizing a process. In general, the relations between processes can be optimized through increasing or decreasing constraint variable values or feedback loops. If the development requirements cannot be satisfied under such a circumstance, re-organization of the process must be conducted to meet the development requirements. (ii) There exists over-amplitude in the product development process, i.e., an iterative process. The number of feedback loops, the time of feedback, and the location of feedback have a significant influence on both the information interaction and the product development. In order to make a development process continue successfully, the correct design information must be fed back to the right location at the right time to reduce * * * * * * * the redundant feedback processes. Take the state variables in the development process of gear transmission system of ZL50G loader as example. Let X 1 be the state vector that designers master customers' requirements or customers understand and express their requirements. Let X 2 be the state vector that designers master the design technology related to the product in the design process. Let X 3 be the state vector of the manufacturing state in the development. Let X 4 be the state vector that the product satisfies customer's requirements after being checked and tried out. Figure 6 (a) means that a manufacturing process succeeds after many repetitions, and Figure 6 (b) indicates that a manufacturing process succeeds with no repetition. (iii) A reasonable analysis of dynamic characteristics can bring many additive benefits, such as shortening development time, cutting development cost, improving product quality, etc. Failure to complete such a reasonable analysis leads to losses in a process. (iv) The evaluation precision, the feedback information, and the re-organization activities significantly influence the convergence speed of a process optimization. (v) From Figure 6 , it can be observed that the customers' requirements and the instability of the design technology are the main contributors to the instability of a development system. Because of the increasing new requirements and the emergence of new technologies, these two state variables should be emphasized to reduce the overamplitude of a product development process. (vi) In view of the inheritance and the transmission of constraints, carrying out the state feedback of the entire system, especially speeding up the information interaction of the upstream processes and re-organizing the constraints can improve the entire development process. (vii) Enhancing the evaluation precision and using the intelligent tools (such as a neural network) for the real-time evaluation of a development process can make the best of the design information and can reduce the redundancy in an interactive process.
Conclusions
The modeling of a product development process is the heart of the product development activities that determine the engineering productivity and the industrial competitiveness. The rapidly changing information technology and the competitive nature of the global market motivate and facilitate the fast advances in the research and application efforts on modeling a development process. Modeling a product development process as a dynamic system with feedback is a very effective method for realizing life cycle design, optimizing the whole development process, improving the degree of concurrency, capturing designers' preferences, speeding the information flow, and reducing the modification frequency.
However, due to the complexity of the product development, several issues should be taken into account in the future research.
(i) As some processes are carried out in partial parallel, there are limitations in the design structure matrix that is expressed as 0 and 1. (ii) In order to speed up the convergence of the process optimization, the re-organization activities of a process, constraints, and the preference's structure should be implemented in parallel based on the feedback information. (iii) The insufficiency of the process dynamic analysis as well as the impropriety of both the process evaluation and the information feedback increase the instability of a system to a great extent. 
